The historical record of large volcanic eruptions from 1500 to 1980, as contained in two recent eruption catalogs, is subjected to detailed time series analysis. Two weak, but probably statistically significant, periodicities of -11 and -80 years are detected. Both cycles appear to correlate with well-known cycles of solar activity; the phasing is such that the frequency of volcanic eruptions increases (decreases) slightly around the times of solar minimum (maximum). The weak quasi-biennial solar cycle is not obviously seen in the eruption data, nor are the two slow lunar tidal cycles of 8.85 and 18.6 years. Time series analysis of the volcanogenic acidities in a deep ice core from Greenland, covering the years 553-1972, reveals several very long periods that range from -80 to --•350 years and are similar to the very slow solar cycles previously detected in auroral and carbon 14 records. Mechanisms to explain the Sun-volcano link probably involve induced changes in the basic state of the atmosphere. Solar flares are believed to cause changes in atmospheric circulation patterns that abruptly alter the Earth's spin. The resulting jolt probably triggers small earthquakes which may temporarily relieve some of the stress in volcanic magma chambers, thereby weakening, postponing, or even aborting imminent large eruptions. In addition, decreased atmospheric precipitation around the years of solar maximum may cause a relative deficit of phreatomagmatic eruptions at those times. [Espin, 1902; Sapper, 1927 Sapper, , 1930 ]. Yet no formal statistical tests of significance were ever performed to support the claimed presence or absence of such a correlation. Conclusions were based merely on visual inspection of tables or graphs. A single exception was the statistical analysis by Abdurakhmanov et al. [ 1976], whose sample of 39 eruptions, however, is too small to reveal the claimed correlation in a convincing manner.
, solar maximum [Jaggar, 1931 [Jaggar, , 1938 [Jaggar, , 1947 , and no special solar phase at all [Stearns and Macdonald, 1946; Macdonald, 1960] . Despite two earlier suggestions that Fayal in the Azores preferentially erupts close to solar maximum [Machado, 1960; de Mendoca Dias, 1962] , the evidence for a general association between middle Atlantic volcanic eruptions and the solar cycle seems to be inconclusive [Mitchell- Thom•, 1981] . The utilization of more volcanoes from all over the globe has led two other authors to deny any correlation between volcanic eruptions and solar activity [Espin, 1902; Sapper, 1927 Sapper, , 1930 ]. Yet no formal statistical tests of significance were ever performed to support the claimed presence or absence of such a correlation. Conclusions were based merely on visual inspection of tables or graphs. A single exception was the statistical analysis by Abdurakhmanov et al. [ 1976] , whose sample of 39 eruptions, however, is too small to reveal the claimed correlation in a convincing manner.
Long-term lunar tidal cycles have also been looked for in various volcanic records. Both the 8.85-year lunar tidal cycle [Espin, 1902; Hamilton, 1973] and the 18.6-year one [Zenger, 1904; Hamilton, 1973; Alexeev, 1989 ] are thought to be possibly present in global volcanism. Claims of an 18.6-This paper is not subject to U.S. copyright. Published in 1989 by the American Geophysical Union.
Paper number 89JB02802. year tidal cycle in local eruptions, for example, in the middle
Atlantic Ocean (Machado [1960 (Machado [ , 1967 ; but see MitchellThomg [1981] ), Hawaii [Wood, 1917] , Kamchatka [Shirokov, 1983] , and Yellowstone Park [Rinehart, 1972a] , have also been made. But, again, no rigorous statistical tests were applied, except in the case of the Yellowstone Park geysers forwhich the record was only about two cycles long.
An unexpected cycle of 7 or 8 years was found by Kelly There are now available for study a large number of documented volcanic eruptions listed in two new volcano catalogs [Sirekin et al., 1981; Newhall and Self, 1982] . These detailed catalogs, which are related in content to each other, have recently been used to demonstrate statistically the improbability of a significant seasonal or annual cycle-in global volcanism . The present investigation looks for possible volcanic cycles with longer periods that might be attributed to the influence of solar activity and lunar tidal forces. Shorter-period volcanic cycles will not be discussed in any detail here. semiquantitatively based Volcanic Explosivity Index (VEI = 0 for very small effusive eruptions to VEI = 8 for the largest explosive eruptions). Rankings of eruptions by VEI are usually uncertain for all but the largest and best documented cases; in fact, a VEI of 2 has served largely as a default category. For this reason and to avoid inclusion of a lot of minor phenomena that may be merely precursors or aftereffects of major eruptions, only eruptions with VEI >-3 are used here. Uncertainty attached to a published VEI designation (with a question mark or a plus sign) is ignored, but eruptions whose occurrences are denoted as being in significant doubt are rejected. In a small number of cases, the day or even the month of the eruption is ambiguous since the activity consisted of a closely spaced succession of large eruptions. The date of the first eruption in such a series has been accepted for use here. As exhaustive as these two catalogs are, the regional and temporal coverages of eruptions are very spotty, especially for the period before the sixteenth century. Eruption dates falling in the modern period 1500-1979 and known to the exact year are plotted in a histogram in Figure 1 . The bin size used is 20 years, and eruption frequencies are given separately for VEI >-5, VEI = 4, and VEI = 3. An analysis by Newhall and Self [1982] has shown that relative completeness of the dates only begins around 1800 for VEI >-5, around 1900 for VEI = 4, and around 1960 for VEI = 3. The striking increase in VEI = 3 eruption frequencies since 1800 reflects merely the progressive improvement in observing and reporting the smaller eruptions [Newhall and Self, 1982] , not an actual increase of worldwide volcanism. Since an arbitrary, though useful, upgrading of the VEI by one unit was applied to many eruptions before 1700 to minimize early reporting bias, an artificial discontinuity separates the eruption numbers before and after that year and affects mainly the VEI = 3 eruption numbers [Newhall and Self, 1982] . Historical factors may account for some of the other shortterm irregularities in Figure 1 
METHOD OF TIME SERIES ANALYSIS
Period searching is accomplished here by using the method of linear spectral analysis [Stothers, 1979] , in which the observed dates of events t i (i = 1, 2,. ß ß, N) are matched to the closest times of maximum predicted from a linear model t = to + nP + e, where P is a trial period, to is a trial phase, and n is a running integer. The adopted goodnessof-fit criterion is defined by numerically locating the smallest rms residual rr (and hence the best phase) for each trial period, dividing rr by the trial period, and then subtracting the quotient from a numerical constant rrc/P = [(N 2 -1)/12N2]1/2; this yields (rr c -rr)/P, simply called the "residuals index." Linear spectral analysis is effective at locating periodicities (or quasi-periodicities) in a series of dates where considerable noise and incompleteness are present and sparseness makes binning of the dates unfeasible. It works well even in the presence of large nonstationarities in the series of dates [Stothers, 1986] The dates of 114 eruptions that were assigned VEI > 4 and occurred between the years 1500 and 1980 are analyzed first. A spectrum of the residuals indices is shown for trial periods of 2-100 years in Figure 2a , where the highest spectral peak appears at P = 10.8 years. (To avoid crowding, only the highest spectral peaks are shown for P < 13 years.) Division of the eruption time series into two contiguous intervals, 1500-1699 and 1700-1980, does not change the derived value of this period. To look for a possible dependence on geographical latitude, three basic climatic zones are considered: southern latitudes, 90øS to 30øS; equatorial latitudes, 30øS to 30øN; and northern latitudes, 30øN to 90øN. The main spectral peak still occurs at P = 10.8 years for the 52 equatorial eruptions but shifts slightly to P = 11.2 years, while keeping about the same height, for the 56 northern eruptions; six southern eruptions are too few to analyze. Assuming a range of a priori periods equal to 9.5-11.5 years (which will be justified below), Monte Carlo tests for statistical significance are performed by generating and then analyzing 1000 simulated time series, each consisting of 114 dates randomly selected from the interval 1500-1980 and set in chronological order. The resulting spectra display higher peaks than the main peak shown in Figure 2a in only 3% of the cases; therefore the null hypothesis that the observed series of eruption dates is random can be rejected with 97% confidence.
To enlarge the data set, the analysis is next repeated for 380 eruptions with VEI _> 3, covering the restricted time interval 1500-1900 because eruption numbers for VEI --3 begin to diverge rapidly from approximate stationarity after about 1900 (Figure 1 ). The highest peak in the resulting spectrum ( Figure 2b ) emerges from the background of minor peaks more clearly than before owing to the larger number of eruptions, but the period shifts to 9.5 years. By again assuming 9.5-11.5 years as the appropriate range of a priori periods, the derived confidence level comes out to be 99.5%. Even with no effective constraint on the possible periods, say by testing over the range 5-100 years, confidence remains high at 95%.
In evaluating the significance of the spectral peaks in these tests, an average a priori period of 10.5 _+ 1 years has been chosen in order to investigate a possible dependence of volcanic activity on solar surface activity. The Sun has in fact displayed, over the time span of detailed observations since 1640, a marked quasi-period of 11.1 _+ 0.1 years (called the Schwabe-Wolf cycle), as seen, for example, in annual mean relative sunspot numbers. Since the intervals between successive maxima actually range from 7 to 17 years, long stretches of time can be characterized by a mean length for the cycle that lies anywhere between 9.5 and 11.5 years [Robbins, 1984] .
Owing to this irregularity, several reasons exist for expecting that the cycle of 9.5 or 10.8 years derived for volcanic eruptions might be slightly less than the simply predicted value of 11.1 years. First, the analysis of volcanic eruption frequencies was disproportionately weighted by the two time intervals 1640-1700 and 1820-1980, during which eruptions occurred somewhat more frequently (or were more frequently recorded or were later ranked higher) than the average, but the mean sunspot cycle lengths were only 10.4 years and 10.6 years, respectively, as has been determined from sunspot data compiled by Eddy [1976, 1983] Third, even with no extra eruption frequency maxima added, minor accidental shifts of the true peaks in the eruption frequency distribution probably occur to some extent as a result of small number fluctuations, and this random jiggling will also alter the best fit period. Numerical simulations, again using the 26 years of sunspot maximum between 1700 and 1980, show that the best fit period has a 5% chance of equalling or falling shorter than 10 years if randomly applied departures from the true times of maximum lie within the small range _+2 years.
Fourth, in the case of both VEI _> 4 and VEI -> 3 eruptions, a total of seven distinct spectral peaks actually occurs between trial periods of 9 and 13 years (Figure 3) . In Phase information also suggests that the ---11-year volcanic cycle is connected with solar activity. Although a meaningful cross-correlation study would require a resolution of---1 year and so is not practical here owing to the An independent record of historic volcanic activity exists in an indirect form as excess sulfate acidity in glacial ice. The connection is the following: many volcanic eruptions are known to discharge copious sulfur gases, which react photochemically with water vapor in both the troposphere and the stratosphere to form aerosols. These aerosols are carried by winds far from their source and, in usually less than a year, completely fall out of atmospheric circulation. In an area of permanent ice, they are incorporated as acids in the distinct layer of new ice that is laid down each year. (Note that large eruptions producing little sulfur will not be recorded in the ice layers.) A detailed ice core record of annual sulfate acidity has been secured at Cr•te, Greenland, by Hammer et al. [1980] . The well-dated section covering the years 1500-1972 is now subjected to a standard Fourier spectral analysis. Since high-frequency noise in this type of indirect record of volcanism is a severe problem because of many unpredictable factors like the magnitude and relative sulfur richness of the eruptions, the proximity of the eruptions to Greenland, the seasonal shifts in tropospheric and stratospheric winds, and the nonvolcanic sources of atmospheric sulfate, it is not surprising that the -- 
LONG-TERM LUNAR TIDAL CYCLES
None of the volcanic periods that appear in Figures 2 and 3 happen to be equal to the two long-term lunar tidal periods of 8.85 and 18.6 years. It might, nevertheless, be thought that the minor spectral peaks in the volcanic spectra around 9.1 and 19.1 years are close enough in period to be relevant. However, the lunar tidal cycles (unlike the solar activity cycles) are strictly periodic in nature, so that any small mismatch with a tentatively associated volcanic period would lead to a phase discrepancy that accumulates over time. For both spectral identifications suggested above, the tidal cycles would be completely out of phase with the volcanic cycles in only two centuries (half the available record length).
Kluge [1863a], using his unpublished volcanic eruption catalog, and Hamilton [1973] , employing Lamb's [1970] catalog, found an exceptionally large eruption frequency maximum centered around the year 1822, which Hamilton [1973] related to the occurrence of a unique lunar tidal maximum in 1821. However, the much more substantial catalog of Simkin et al. [1981] shows no evidence for such a volcanic maximum, since successive annual numbers of VEI _> 0 eruptions for the 9 years centered on 1822 deviate by at most let from the mean number over this period. Long-term lunar tidal effects, if they exist at all in the volcanic record, must be well submerged in the noise. Although Alexeev [1989] has recently claimed a period of ---17 or ---22 years for essentially the smallest eruptions during the period 1760-1980, the discrepancy between these values and 18.6 years is very large.
POSSIBLE MECHANISMS
The physical link between volcanic eruptions and solar activity can only be conjectured at present. Because of the large amount of randomness in the volcanic record, the link is probably not very direct, and solar activity probably acts only as a minor forcing agent that reduces slightly the probability of an eruption by a particular volcano, independently of its geographical latitude.
What astronomical factors might be involved in this link? It is known that the surface activity of the Sun produces variations in its electromagnetic and corpuscular emissions, which consist of both continuous (photospheric) and sporadic ( A more direct consequence of the disturbed circulation patterns of the Earth's air masses is a slight alteration of the Earth's total moment of inertia and of its atmospheric angular momentum. To conserve the Earth's total angular momentum, its interior rate of rotation adjusts, as reflected in the measured length of the day. These changes in the length of the day must be relatively prompt as they are known to track the seasonal changes of insolation [Lambeck and Cazenave, 1973] There seem to be two plausible ways, therefore, by which atmospheric disturbances may affect volcanic eruptions. One way involves the small abrupt changes in the Earth's rate of rotation. Associated torques in the solid Earth might then trigger a host of minor earthquakes [Anderson, 1974] and thus create (or widen) numerous small fissures in already stressed rock like that surrounding volcanic magma chambers. Magma intruding into these openings would temporarily relieve some of the pressure in the chambers themselves. This could appear as a small, premature eruption. In a threshold situation, an imminent large eruption could thereby be lessened in intensity or else delayed, or possibly even aborted. As a result, slightly fewer large eruptions would be expected to occur close to the years of solar maximum compared with other phases; a correspondingly greater number of large eruptions should occur loosely distributed around the years of solar minimum.
A specific prediction of this particular model is that small earthquakes should occur somewhat more frequently near the times of solar maximum. [Rinehart, 1972b] follow to some extent a fortnightly cycle.
A second way by which global atmospheric perturbations might influence volcanic eruptions is through changes in annual precipitation. Observed increases in rainfall and snowfall around the years of solar minimum must lead to temporarily larger reservoirs of ground water in and near volcanic vents. Seepage of this water into volcanic magma chambers might then be able to trigger eruptions in certain cases that are close to threshold. Since the average diffusion time for the stored water probably exceeds 1 year [Casetti et al., 1981] , an accompanying annual volcanic cycle due to the large seasonal changes in precipitation might not occur at a detectable level; indeed, such a cycle seems not to exist on either a global or a zonal scale . Although the small increases in annual mean precipitation during the courses of the ---11-and ---80-year cycles are unlikely to have a marked impact on the aqueous content of volcanic country rocks that are mostly already saturated, the apparent excess of volcanic eruptions around solar minimum is likewise very small. Therefore the required triggering mechanism need not be (and, in fact, really cannot be) very strong. From a global perspective, volcanic eruptions are relatively random events, and the two small quasi-periodic components are difficult to quantify, especially in terms of aerosol production. In addition, an isolated volcanic eruption of large magnitude can have a temporary climatic impact much greater than that due to the mean volcanic background [Rampino et al., 1988] . In spite of these problems and of the remaining possibility that the derived quasi-periodicities are just statistical artifacts, appropriate volcanic forcing terms will have to be included in future global climate modeling. The present results provide a first reconnaissance of the statistical problems involved.
